Introduction
Transduction of a wide range of signals in plants is thought to involve modulation of cytosolic free phytochrome-mediated chloroplast development [6] ; (ii) experimental indications that blocking the rise in [Ca"], inhibits the physiological response after application of the primary stimulus. If the initial source of Ca2+ is from outside the cell, then this information is in principle easy to obtain by chelation of extracellular Caz+. In practice, however, access to the extracellular space and manipulation of its solution composition can be difficult if whole tissues are used for [Ca"] measurements (e.g. where the [Ca"], signal emanates from plants expressing recombinant aequorin [7] ). Furthermore, if the principal source of Ca2+ is from inside the cell, blockage of the Ca2+ signal will involve use of inhibitors for which selective action of Ca2+ release is difficult to verify.
Nevertheless, these approaches have served to confirm that elevation of [Ca"], does indeed comprise a central element in cellular signalling networks [ 1 4 . Directly or indirectly (e.g. via calmodulin), a change in free Ca" from resting levels of around 200 nM to several micromolar is capable of eliciting marked changes in the activity of protein kinases [9] , enzymes of intermediary metabolism [lo] and ion channels Understanding the early stages of Ca2+-mediated signal transduction revolves around resolution and characterization of the transmembrane pathways (ion channels) responsible for release of Ca2+ into the cytosol. Extensive work from several laboratories has, over the past few years, successfully identified a number of discrete classes of ion channel which might be competent in facilitating rapid release of Ca2+ into the cytosol. [11, 12] . Volume 
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The Role of Lipids in Plant Cell Signal Transdudion
Calcium homoeostasis and calcium pools in plants
Low resting levels of [Ca"], are sustained by Ca2+ pumps which energize Ca2+ export from the cytosol across the various membranes which bound the compartment. Thus, CaZ+-ATPases pump Ca2+ across the plasma membrane and into the apoplast, as well as into the lumen of the endoplasmic reticulum [ 131. There is also evidence for a Ca2+-ATPase at the vacuolar membrane [ 141, although high-capacity, low-affinity removal of Ca2+ across the same membrane is executed by H+/Ca2+-antiport [ 151 which, by virtue of a high H+:Ca2+ coupling ratio, is also competent in driving the observed accumulation of Ca2+ into the vacuolar lumen [16] . Molecular biological evidence has also suggested the presence of a Ca2+-ATPase at the chloroplast envelope membrane [ 171. Uptake into mitochondria is generally assumed, by analogy with animal cells, to be energized simply by the highly inside-negative membrane potential across the inner mitochondria1 membrane.
Ionic channels which facilitate the release of Caz + down its electrochemical gradient have been described at the plasma membrane. In plasma membrane vesicles from root tissue, the activities of such channels can be monitored radiometrically by following uptake of Ca2+ in response to artificially imposed membrane potentials [18, 19] . This approach has led to a description of voltage dependence and inhibitor sensitivity. Thus, in maize, one potent Ca2+-transport blocker has been found to be Ruthenium Red [ 181, which is conventionally considered to be an endomembrane Caz+-channel blocker, and has been frequently used as such in wholecell experiments (e.g. [4]). However, these vesicular assays of Ca2+ transport suffer from the disadvantages that the ionic selectivity of the pathways cannot be defined and the actual transmembrane voltage is difficult to quantify.
A more direct approach is therefore to monitor Ca2+-channel activity electrophysiologically. This has been accomplished for plasma membrane channels from the roots of wheat by fusing plasma membrane vesicles with planar lipid bilayers [ZO] , and from carrot suspension cultures by patch clamp [21, 22] . For both experimental systems, there is good selectivity for Ca2+ over monovalent ions, and activation by depolarizing voltages.
Two major physiological roles seem possible for these plasma membrane Ca2+ channels. First, they might be involved in the uptake of CaZ+, or even other divalent cations, in a purely nutritional capacity [ZO] . Second, they might provide a rapid pathway for Ca2+ uptake in response to a primary signal [21, 22] . Strong activation of these plasma membrane Ca2+ channels by depolarizing voltages is, by analogy with animal cells, consistent with an important signalling role. However, for many plant cells in tissues or aerial domains, the volume of fluid in the apoplast is normally extremely restricted, with corresponding implications for the supply of extracellular Caz+. If plasma membrane Ca2+ channels are to have a role in Ca2+ signalling, then it seems unlikely that they will account for repetitive andor longlasting transients in [Ca2+Ic seen in vivo. Nevertheless, these channels could serve an important trigger function by initiating Ca2+ release from internal stores, as discussed below.
In contrast to the apoplastic fluid, the vacuole of mature plant cells represents a potentially reliable and effectively inexhaustible supply of Ca2+ for signalling. Typically, the vacuole will occupy 80% or more of the intracellular volume and will contain Ca2+ in millimolar amounts. A priori then, the vacuole appears to be a favourable candidate for Ca2+ mobilization during Ca2+-mediated signal transduction, at least in mature cells.
Plant vacuoles as a model system for Ca2+ mobilization studies
It is worth considering that, besides their inherent potential as a major site of intracellular Ca2+ release during signal transduction, plant vacuoles comprise an excellent experimental system for elucidation of the properties and inter-relationships of Ca2+ release pathways. Their relative ease of isolation (e.g. through tissue slicing or protoplast lysis) and large diameter (up to 80 pm) renders vacuoles amenable to patch clamp studies. The value of this approach is that channels are readily characterized with respect to their ionic selectivity and voltage dependence. The gating characteristics of the channels can be studied in their native membrane environment, without recourse to reconstitution and the possibility of contamination from other membrane fractions. Moreover, using the 'whole vacuole' recording mode, it is possible to assay for the presence of more than one channel type in a single organelle. Electrophysiological studies can be supported by ligand-binding and Ca2+-flux studies, since protocols for the large-scale isolation of both vacuolar vesicles and intact vacuoles are well developed [23, 24] .
Vacuolar Ca2+ release by inositol t risp hosp hate (I nsP$
The early demonstration that InsP3 can release Ca2+ from the vacuolar membrane vesicles of oat roots [25] and from intact vacuoles of Acer [26] led to an appreciation that the vacuolar membrane might be a major site of InsP3, action in plant cells. These studies were beautifully confirmed by electrophysiological data from red beet vacuoles [27] . It was shown that InsP3 elicited Ca2+ currents across the vacuolar membrane which were active over the physiological range of membrane potentials from -20 to -50 mV.
(Note that in the original report, as well as in some others until 1992, the polarity of the membrane potential is defined lumen with respect to cytosol. Here, we adopt the convention suggested by Bert1 et al. [28] in which the cytosol is referenced to the extracytosolic side. The resting membrane potential then has negative polarity which results from the activities of the two primary H + pumps carrying current out of the cytosol [29] .) The InsP3-elicited currents are highly selective for Ca2+ over monovalent cations [27, 30] .
Membrane fractionation studies on carrot suspension cultures have failed to provide evidence for the existence of InsP3-sensitive Ca2+ release at any membrane other than the vacuole [31] . By contrast, in animal cells, InsP3 binding and Ca2+-channel activity both reside with a homotetrameric complex located on the endoplasmic reticulum [32] . Despite the different intracellular location, InsP3-induced Ca2+ release in plants shares many of the properties of the animal systems [25, 26, 33, 34] . Release is not effected by InsP2 or InsP4, while InsP3 exhibits a Kl12 in the region of 200 to 600nM. Release is blocked by 8-(N,N-diethylamino) octyl 3,4,5-trimethoxybenzoate and (at nanomolar levels) by low M, heparin. Higher M, heparin is considerably less effective [35] .
A similar picture emerges with respect to equilibrium ligand-binding in vacuole-enriched microsomes. Binding sites have been characterized in red beet using a [3H]InsP3 displacement assay after solubilization of membranes in Triton X-100 [36] . Specificity is again for InsP3 and heparin, but not other inositol phosphates. ATP also binds weakly; determination of its dissociation The InsP3 receptor density can be estimated in two ways. First, by comparing the macroscopic (whole-membrane) currents in beet vacuoles with the product of the open-state probability, Po, and the single-channel current, Alexandre et al. [27] estimated that there were in the region of 1200 operational channels in the vacuolar membrane. For a vacuole of 45 pm diameter, this represents around only 2 channels/pm2 membrane. Second, the equilibrium binding data suggest a binding site density of 0.8 pmol/mg protein. In either case, these estimates suggest that the InsP3 receptor is a very low abundance protein. Nevertheless, Biswas et al. [37] have recently used heparin affinity chromatography to purify to apparent homogeneity a protein which can be reconstituted to yield InsP3-gated Ca2+ release activity. Surprisingly, in view of the large number of functional characteristics shared between plant and animal InsP3-induced Ca2+ release and ligand binding, the M , of this protein (1 10,000) differs markedly from its mammalian counterpart (Mr = 250 000).
The presence of InsP3-elicited Ca2+ release at plant vacuoles implies a role for InsP3 in signalling in plants. A number of reports now strongly point to a suggestion that InsP3 comprises a key element in the response of plant cells to turgor stress. Thus, hyperosmotic stress results in changes in the levels of InsP3 precursor lipids and in the activities of corresponding enzymes in carrot suspension cultures [38] , and changes in phosphoinositide metabolism also occur in response to osmotic stress in the extreme halophytic alga Dunaliella salina [39] . Release of InsP3 from a caged probe in guard cells results in stomata1 closure through net salt loss [5] . Levels of InsP3 also rise in the root tissue of beet after hyperosmotic stress [40] . Furthermore, hyperosmotic stress of beet tissue slices markedly upregulates the InsP3-elicited Ca2+ currents measurable in vacuoles which are subsequently extracted [ 301. Indeed, without such pretreatment, effects of InsP3 on the electrical parameters of the vacuole are not detectable.
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cADPR-Gated Ca2+ release
Complex patterns of Ca2+ signalling, including spiking, are generated in animal cells through the co-ordinate action of two classes of endomembrane Ca2+ channel: InsP3 receptors and ryanodine receptors [41] . The latter class of ion channel was first recognized as the voltage-gated channel responsible for Ca2+ release from the sarcoplasmic reticulum during contraction of skeletal muscle. However, at least one isoform of this channel (RYR2) is activated by the NAD+ metabolite cyclic ADP-ribose (cADPR) in cells as diverse as non-skeletal muscle, brain, sea urchin eggs [42] and pancreatic p-cells [43] .
Using storage roots of red beet as starting material, cADPR has been shown to elicit both Ca2+ release from vacuole-enriched microsomes and cytosol-inward currents from patch-clamped intact vacuoles [44] . These currents are reasonably selective for Ca2+ (permeability ratio for Ca2+ against K+ between 9:l and 27:1), but not so markedly so as InsP3-gated currents. Like the InsP3-gated currents, however, the cADPR-gated currents activate over the physiological range of membrane potential negative of -20 mV. With respect to dose-response relationships and pharmacology, vacuolar responses to cADPR exhibit marked similarities to those reported previously in animals: the KIl2 for cADPR is 25 to 35 nM (determined both from vacuolar currents and vesicular Ca2+ release: S. R. Muir, unpublished work), the non-cyclic isomer is ineffective at 100 nM, vesicle pretreatment with the agonist ryanodine releases Ca2+ but eliminates further response to cADPR and Ruthenium Red blocks the response with high affinity (about 50% blockage at 30 pM).
A critical and unanswered question concerning the interactions of the InsP3 and ryanodine receptors in animals relates to whether each receptor accesses separate intracellular Ca2+ pools which fill and empty independently of each other [45] . This question can be answered quite simply by application of patch clamp to whole vacuoles. The finding that currents elicited by saturating concentrations of cADPR are additive in individual vacuoles with those elicited by h s P 3 strongly suggests that in plants both receptors access the same vacuolar Ca2+ pool [44] .
Hyperpolarization-activated Ca2+ release channels
In addition to the two ligand-gated Ca2+ release channels, there resides a third class of Ca2+ channel at the vacuolar membrane. These channels, which have no known counterpart in animal cells, are instantaneously activated by cytosolnegative voltages and have been reported in vacuoles from beet storage root and broad bean guard cells [46-481. All exhibit single-channel conductances in the range 4-27pS, and possess only moderate Ca2+ selectivity over K+. The channels are blocked by Gd3+, and are also relatively inactive at physiological luminal pH in the region of 5.5. Opening is strongly favoured by increases in luminal pH or luminal Ca2+ [48, 49] . In addition, the channel undergoes dramatic and spontaneous changes in open-state probability and conductance [.SO]; this 'state change' results in an estimated 15-to 20-fold overall increase in Ca2+ current, although the underlying mechanism of the response remains obscure.
The clear-cut single-channel events exhibited by this class of inward rectifying Ca2+ channel lend themselves to kinetic analysis, as a result of which there is now considerable information on the impact of membrane voltage on ion permeation and channel gating [49] . Such studies have led to a model of the channel as a multi-ion pore, with binding of two Ca2+ ions required to open the gate. The relative positions within the membrane of the selectivity filter for permeation and the Ca2+ binding site for gating have also been mapped. Despite this detailed picture of channel mechanism, however, we have little idea of its physiological role in the context of cellular signalling.
Depolarization-activated Ca2' release channels (the SV channel)
Calcium-induced Ca2+ release (CICR) is a key feature of Ca2+ signalling in animals, where activation of ryanodine receptors by [Ca'], provides in-built amplification to the signal. There is no evidence that any of the three classes of plant endomembrane Ca2+ release channel described above are activated by [Ca"], [30, 46, 48] . However, one vacuolar channel-type which has long been known to be activated by [Ca"], over a physiological range of concentrations (0.1 -1 .O pM [ 1 11) has recently been characterized as a Ca2+-permeable channel [51, 52] . This channel is known as the slowly activating vacuolar (SV) channel, which refers to the fact that it activates in response to depolarizing potentials over a period of several hundred milliseconds. It seems likely that Ca2+ activation is mediated by endogenous calmodulin [53, 54] .
Although only relatively weakly selective for Ca2+ over K+ (the selectivity ratio is 3:1, but with cations strongly favoured over Cl-), it is clear that the large driving force on Ca2+ in vivo would help to provide a significant Ca2+ efflux through this channel [51, 52] . In principle, therefore, the SV channel provides a potential pathway for CICR in plants.
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Integration of vacuolar channels in Ca2+ signalling
T h e voltage-dependence of SV channels has given rise to doubts over their physiological relevance. This is because, when assayed in most conditions, SV channels open significantly only at positive values of membrane potential. Although there are some circumstances in which openings can be recorded at negative potentials (e.g. with a malate concentration gradient across the membrane [.%I), thereby permitting activation by CaZ+, there has been no systematic demonstration of SV channel activity in what is generally considered to be the physiological range of membrane potential. However, there may well be two circumstances (not necessarily mutually exclusive) in which the membrane potential could swing into the range over which SV channels operate. The first is that opening of highly selective ligand-gated Ca2+ channels would tend to shift the membrane potential in the direction of the equilibrium potential for Ca2+ (Eta), which lies strongly in the positive direction [56] . T h e second invokes opening of Ca2+-activated K+ channels (known as VK channels) subsequent to the provision of a Ca2+ trigger [51] . In that case, the membrane potential would shift towards the equilibrium potential for K+ , which is likely to be slightly positive. In both cases, the initial rise in [Ca"], would directly, and indirectly via the stimulatory effects of membrane potential, initiate SV channel opening. T h e comparatively high permeability of the SV channel to K+ ensures that the membrane potential is sufficiently far removed from Eca that the driving force on Ca2+ movement into the cytosol is sustained.
T h e Ca2+ trigger (or 'spark') responsible for VK channel opening might emanate not only from either of the vacuolar ligand-gated Ca2+ channels, but also from plasma membrane Ca2+ channels, which, given the close juxtaposition of the plasma and vacuolar membranes in many mature plant cells, could lead to microdomains of elevated Ca2+ within the cytosol. This has been directly demonstrated in excitation-contraction coupling in cardiac cells [57, 58] . In summary, combined operation of ligand-and voltage-gated Ca2+ channels at the vacuolar and plasma membranes could generate CICR in plant cells.
CICR is essentially a positive-feedforward mechanism for amplification of Ca2+ signals. However, it is essential that CICR is tightly regulated because, in contrast to animal intracellular Ca2+ stores which are limited and might well become depleted during Ca2+ signalling, the plant vacuole represents an effectively inexhaustible reservoir of Ca2+. Total release over a short period would be lethal to the cell. To some extent, down-regulation of the Ca2+ signal could be achieved by metabolism of the Ca2+ channel agonist(s), although once CICR was initiated additional negative feedback would be required. T h e observation that the mammalian protein phosphatase 2B, calcineurin, is a potent inhibitor of SV channel activity [52] suggests that phosphorylation via Ca2+-dependent phosphatase activity might be one such control of SV channel opening. Given a suitable time-lag for dephosphorylation, it is then not difficult to see how oscillatory behaviour of [Ca"], (recently reported for guard cells [59] ) would emerge.
The presence of several classes of ion channel all releasing Ca2+ into the cytosol of plants provides for temporal, spatial and amplitudinal flexibility in Ca2+ signalling. This potential diversity in CaZ+ signalling might then underlie the specificity by which the wide range of primary stimuli are coupled to their cellular responses via [Ca2+], as a common intermediate.
